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ABSTRACT
Treating wastewater is imperative for maintaining public health and sanitation as
well as the natural environment. In the United States and developed countries around the
globe, the activated sludge (AS) process has been paramount in effectively treating
wastewater for over a century. However, high energy consumption due to required
mechanical aeration of AS limits its potential as a sustainable process. The oxygenic
photogranule (OPG) wastewater treatment process utilizes the photosynthetic ability of
OPGs made possible by the symbiosis between heterotrophic AS and filamentous
cyanobacteria and algae in dense, spherical biogranules. This research presents pilot
operation of the OPG wastewater treatment process, supporting its scalability and
effective nutrients removal. Four pilot OPG reactors were operated in sequencing batch
reactor (SBR) mode with alternating light/dark cycles, achieving a maximum volume of
30 L (20-times scale-up factor) and maximum operation time of 152 days. Pilots A & B
(Phase I) and Pilot D (Phase III) achieved soluble chemical oxygen demand (sCOD)
removal efficiencies of 65%, 73%, and 81%, respectively, without any mechanical
aeration. Pilot C (Phase II) employed a hybrid light/aeration system, attaining 83% sCOD
removal with 12 hours of light (day) and aeration only (night). Observed biomass yield
for OPG biomass was typically high (> 0.5 g VSS produced/g sCOD consumed
compared to 0.3–0.5 for AS), signifying the production of energy-rich biomass. Very low
observed yields (< 0.3) were observed during Pilot C operation, which may be
advantageous for sludge reduction. Nitrogen removal was observed, but was inconsistent.
The OPG system was able to treat real municipal wastewater with a wide range of F/M
ratios (0.02–0.2 g sCOD/g VSS-d), and was robust to varying environmental conditions
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and accidental biomass wastages. A wide variety of linear concentration-based (LCB)
growth rates were seen during pilot operation, ranging from 15–300 mg/L-d. The
physical condition of OPG biomass most significantly affected reactor performance;
loose, hairy granules and high TSS concentrations diminished light penetration into the
reactor, inhibiting photosynthesis and the development of new OPG biomass. Pilot
operation of the OPG wastewater treatment method evidenced the feasibility of operating
large-scale, aeration-free systems.
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CHAPTER 1
THE OPG WASTEWATER TREATMENT PROCESS
1.1

Introduction
Waste happens; not only is the treatment of human waste imperative for

maintaining a high standard of sanitation and public health around the globe, but it is also
crucial for protecting the environments we live in. And although we continuously treat
over 30 billion gallons of wastewater produced daily by citizens living in the U.S. alone
(EPA WaterSense, 2008), a sustainable wastewater treatment solution has not yet been
discovered. Wastewater must be treated before being released; the consequences of not
doing so can range from spreading waterborne illnesses – such as Cholera or antibiotic
resistant bacteria – to contaminating aquatic ecosystems and agricultural fields. Treating
human waste sustainably, however, remains a challenging task.
Biological wastewater treatment has been used for over a century – before many
families in the United States had electric power in their homes. The activated sludge (AS)
process has been the gold standard for operating large-scale wastewater treatment plants
(WWTPs), providing continuous, high-rate degradation of nutrients (commonly referred
to as chemical oxygen demand, or COD). This ubiquitous biotechnology involves a
diverse community of bacteria and protozoa (sludge) that feeds on COD in wastewater
(Rittmann and McCarty, 2001). In the presence of dissolved oxygen (DO), a mixed liquor
(ML) of sludge oxidizes carbonaceous waste, using the nutrients for cell respiration and
growth, reducing oxygen to carbon dioxide in the process. To ensure high removal
efficiency of nutrients in influent wastewater, DO levels are typically maintained at 2

mg/L or greater in continuous-flow AS systems via rotating mixer aerators or air
diffusers (Rittmann and McCarty, 2008; Grady et al., 2011).
The AS process – although tried and true – remains an energy-intensive method
for wastewater treatment; 30–60% of the energy used in a municipal WWTP is reserved
for aeration (M/J Industrial Solutions, 2003). Wastewater treatment accounts for about
1% of the total energy used in the U.S., requiring 282 billion Btu/d (Pabi et al., 2013).
This equates to burning 18 million barrels of crude oil annually, with up to 11 million of
those barrels powering mechanical aeration alone (EIA, 2016). Furthermore, sludge is a
waste product, requiring additional monetary and energy costs for disposal. Although the
energy latent in wastewater is converted to sludge biomass, harnessing that energy from
sludge in downstream processes is limited by its low energy content and low density,
requiring a significant amount of energy for dewatering (Houghton et al., 2000).
Examples of new biotechnologies set out to improve wastewater treatment include
algae ponds and aerobic granular sludge, both of which exhibit unique advantages and
disadvantages. Algae ponds treat wastewater without aeration, utilizing solar energy
through the process of photosynthesis and sequestering nutrients from wastewater for
growth and respiration. Additionally, algal biomass produced from the treatment process
can be used to produce biofuels (Manheim and Nelson, 2013). However, photosynthesis
in algae ponds is limited to shallow depths (typically 30 cm), requiring large areas for
high-rate wastewater treatment. Furthermore, poor settling characteristics of algae makes
it difficult to effectively harvest the energy-rich biomass (Manheim and Nelson, 2013).
Aerobic granular sludge is another widely studied biotechnology for applications in
wastewater treatment, with its main advantage over AS being the formation of dense,
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discrete bioaggregates that settle quickly and thus may dramatically reduce the area
needed for wastewater treatment (de Kreuk and van Loosdrecht, 2006). Successful
operation of pilot- and large-scale aerobic sludge granule systems indicates the potential
for full-scale wastewater treatment operation. Yet, the need for aeration for maintaining
high levels of DO in aerobic granular sludge systems limits their ability to provide
sustainable treatment (de Kreuk and van Loosdrecht, 2006; Yilmaz et al., 2008; Pronk et
al., 2015).
Amid rising alternatives for treating wastewater more efficiently, a unique and
unusual discovery at the University of Massachusetts Amherst may hold the key to the
next generation of sustainable treatment (Park and Dolan, 2015). The accidental
discovery of the oxygenic photogranule (OPG) resulted from the incubation of AS in
scintillation vials placed on a window sill exposed to natural diurnal light. After several
weeks, the transformation of AS into phototrophic granular biomass was observed in the
vials – an exciting phenomenon found rarely in nature (Milferstedt et al., in review).
Upon further investigation, Milferstedt et al. hypothesized that the enrichment of
photosynthetic, motile, filamentous cyanobacteria under light conditions enable the
formation of an interwoven-mat layer that encapsulate sludge bacteria in dense
phototrophic granules. This phenomenon proved to be independent of geographical
location; OPGs were cultivated from AS acquired from multiple WWTPs in the U.S. and
France. In all cases, trace amounts of indigenous filamentous cyanobacteria (typically
Oscillatoria sp.) propagated and formed photosynthetic outer layers that created discrete,
dense granules.
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Seeing the potential benefits of using OPGs to treat wastewater utilizing DO
produced naturally from microalgae and cyanobacteria, statically formed OPGs were
tested in bench-scale reactor operation to evaluate their ability to treat COD without
aeration and propagate in a dynamic (mixed) environment. Abouhend et al. (in
preparation) demonstrated that OPGs can effectively treat real influent wastewater in
sequencing batch reactor (SBR) mode with alternating light/dark cycles and no external
aeration. The OPG biomass in SBR operation settled very quickly, effectively separated
from the treated effluent water, and was experimentally determined to be very energyrich compared to AS; OPGs produced more COD (in the form of biomass) than the
amount of COD they consumed (1.4 g COD produced/g COD consumed), suggesting that
atmospheric CO2 may have been sequestered by the photosynthetic microorganisms.
Furthermore, we witnessed quick formation and development of new OPGs, supporting
the capacity to scale up the OPG process for wastewater treatment.
1.2

Research Objectives
Although OPGs have already demonstrated the ability to treat wastewater without

aeration under alternating light conditions at the bench scale, scaling up the novel
bioprocess has yet to be tested. Scaling up the OPG process for wastewater treatment
may reveal major energy savings by eliminating the need for aeration. In addition, the
superior density, settleability, and biomass yield of the phototrophic granules may enable
easy and effective biomass recovery by reducing energy inputs (biomass harvesting,
dewatering) and increasing energy outputs (higher biomass energy content), improving
net energy gained from downstream processes. The potential energy savings from using
the OPG wastewater treatment process may turn energy-using WWTPs into sustainable,
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energy-producing waste treatment facilities. The main objectives of this research are as
follows:
(1) Demonstrate the ability of the OPG process to treat real wastewater without aeration
at the pilot scale (> 10 L reactor volume);
(2) Track and analyze pilot reactor performance under varying environmental conditions
(such as temperature and wastewater strength), and;
(3) Explore and evaluate multiple OPG reactor operation parameters, designs, and scaleup strategies to optimize biomass growth and nutrients removal.
1.3

Literature Review

1.3.1

Current Wastewater Treatment Methods
Biological wastewater treatment has become a technical topic of increasing

interest over the past century as engineers strive to further improve biological wastewater
treatment. Several textbooks are dedicated to disseminating information on (and
technological advances in) the AS process, a ubiquitous biotechnology used for
wastewater treatment across the developed world (Tchobanoglous et al., 2003; Rittmann
and McCarty, 2008; Grady et al., 2011). The evolving bioprocess has become
increasingly effective at removing COD in wastewater and possesses the ability to
remove inorganic constituents such as nitrogen, phosphorus, and heavy metals. In a brief
article published by Science in 2014, van Loosdrecht and Brdjanovic identify the AS
process as the main factor behind increasing lifespan and minimizing human
environmental impacts over the past 100 years.
Yet, it remains an energy-intensive method; roughly 1% of the total energy used
in the U.S. annually is reserved for wastewater treatment, and up to 60% of that energy is
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dedicated to mechanical aeration of the aeration basin in WWTPs (Pabi et al., 2013; M/J
Industrial Solutions, 2003). Waste sludge created as a byproduct of AS treatment method
poses another challenge; many treatment plants across the U.S. pay high costs for sludge
removal due to strict governmental regulations on reuse and disposal (Chon et al., 2011).
However, researchers are making advances in developing downstream energy recovery
processes that convert waste AS into biogas (Rittmann and McCarty, 2008; Grady et al.,
2011; van Loosdrecht and Brdjanovic, 2014). Taking a fundamentally different approach
to the same issue, scientists are also exploring methods that reduce the production of
sludge, such as the anaerobic side-stream reactor (ASSR) process (Chon et al., 2011).
Recently, many researchers have focused on developing novel wastewater
treatment bioprocesses without AS altogether; alternatives to AS include algae, aerobic
heterotrophic granules, and novel OPGs (Park et al., 2011; Manheim and Nelson, 2013;
Xu et al., 2015; Liu et al., 2004; de Kreuk and van Loosdrecht, 2006; Weber et al., 2007;
Yilmaz, 2008; Bassin et al., 2011; Wan et al., 2011; van Loosdrecht and Brdjanovic,
2014; Pronk et al., 2015; Medina and Neis, 2007; Su et al., 2011; Park and Butler, 2013;
Tang et al., 2014; Kumar and Venugopalan, 2015; Park and Dolan, 2015; Arcila and
Buitrón, 2016; Milferstedt et al., in review; Abouhend et al., in preparation; Kuo-Dahab
et al., in preparation). These new biotechnologies, particularly the OPG wastewater
treatment process, hold promise in dramatically reducing the energy required for WWTP
operation and may even turn wastewater treatment into a sustainable, energy-producing
biological system.
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1.3.2

Aerobic Sludge Granules and Algae Ponds
The main challenges associated with AS are its poor settleability, separability, and

dewaterability, which limit the minimum clarifier (settler) size, cause high sludge waste
volume, and in an extreme case can cause discharge of sludge in the effluent (Houghton
et al., 2000; Rittmann and McCarty, 2008; Grady et al., 2011). Over two decades ago,
aerobic granular sludge and its application to wastewater treatment were reported (de
Kreuk and van Loosdrecht, 2006; Weber et al., 2007). Not only do aerobic granules
possess the ability to remove COD, nitrogen, and phosphorus in influent wastewater, but
the process has proven to be scalable and most recently was operated as a full-scale
system (de Kreuk and van Loosdrecht, 2006; Yilmaz et al., 2008; Pronk et al., 2015). The
compact granular biomass can achieve very low sludge volume index (SVI) after 30
minutes of settling (SVI30 > 40 mL/g) with biomass TSS concentrations exceeding 8,000
mg/L; biomass concentration of AS is usually much lower (around 3,000 mg/L), and
excellent compaction is considered when SVI30 falls below 80 mL/g (de Kreuk and van
Loosdrecht, 2006; Pronk et al., 2015; Grady et al., 2011). Although the dramatically
improved settleability of aerobic granular sludge can significantly reduce overall WWTP
footprint and operational costs by 75% and 25%, respectively, the process still requires
continuous mechanical aeration (van Loosdrecht and Brdjanovic, 2014).
Because of its ability to eliminate the need for mechanical aeration, the use of
algae biomass for high-rate wastewater treatment is gaining momentum (Park et al.,
2011; Manheim and Nelson, 2013; Xu et al., 2015). Algae-based treatments have been
shown to treat real wastewater with effluent COD concentrations below 30 mg/L, and
achieve nitrogen and phosphorus removal efficiencies above 90% (Xu et al., 2015).
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Additionally, the algae produced from treatment can be used as a feedstock for producing
biofuels. However, low settleability of algae biomass reduces its harvestability for
effective downstream energy recovery and limits the depth of raceways, requiring 50 and
200 times more land area than AS and aerobic sludge granule systems, respectively (Park
et al., 2011; Manheim and Nelson, 2013; van Loosdrecht and Brdjanovic, 2014).
Fortuitously, the challenges associated with algae-based and aerobic granule sludge
treatment methods can be overcome with a novel biotechnology: the OPG wastewater
treatment process.
1.3.3

The OPG Wastewater Treatment Process
The discovery and characterization of the oxygenic photogranule (OPG) began

with a static cultivation of AS biomass under natural sunlight that produced discrete
biogranules with an outer layer of photosynthetic algae and cyanobacteria encapsulating a
core of AS (Park and Butler, 2013; Park and Dolan, 2015; Milferstedt et al., in review).
The static cultivation of OPGs was repeatable using AS from multiple locations around
the world. Although similar types of phototrophic granular biomass with applications in
wastewater treatment have been reported (Medina and Neis, 2007; Su et al., 2011; Tang
et al., 2014; Kumar and Venugopalan, 2015; Arcila and Buitrón, 2016), Milferstedt et al.
(in review) identify the enrichment of motile, photosynthetic cyanobacteria as the key
mechanism supporting the development of OPGs, giving them their dense, smooth,
spherical characteristics. The successful treatment of real wastewater using OPGs in
sequencing batch reactor (SBR) mode using alternating light/dark sequences exposes the
exciting potential of the OPG wastewater treatment process and its ability to treat
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wastewater without mechanical aeration (Milferstedt et al., in review; Abouhend et al., in
preparation).
1.3.3.1 OPG Biomass Characteristics
Although the biological composition of OPGs varies, filamentous cyanobacteria –
namely Oscillatoria sp. – comprise the majority of the photosynthetic layer (StauchWhite, 2016; Milferstedt et al., in review; Abouhend et al., in preparation). Artificial
(fluorescent) light providing photosynthetically active radiation (PAR) values ranging
from 90–200 µmol/m2-s supported the static formation of OPGs, slightly higher than 40–
130 µmol/m2-s used for cyanobacteria and Oscillatoria sp. cultivations (Post et. al, 1985;
Anderson and McIntosh, 1991). Havens et al. (1998) show that Oscillatoria sp. in
shallow subtropical lakes prefer higher light intensities, contrary to prior belief that the
species of cyanobacteria prefer low light. Artificial light with an intensity of 10,000 lux
(roughly 150 µmol/m2-s) provided to the SBR surface with alternating light/dark cycles
enabled the detachment, growth, and development of new OPG biomass while treating
influent wastewater (Abouhend et al., in preparation). In addition to their utilization of
photosynthesis, filamentous cyanobacteria in OPGs are robust to varying temperatures;
growth can be observed at temperatures below 10 °C with the highest growth rates
achieved above 25 °C (Post et al., 1985; Robarts and Zohary, 1987).
Like its importance in the formation of microbial mats, the motility of filamentous
cyanobacteria is imperative for the development of OPGs in both static and dynamic
environments; the gliding movement of filamentous cyanobacteria enables the
development of a distinct cyanobacterial layer that migrates to the outer surface as new
biofilms propagate (Hoiczyk and Baumeister, 1995; Stal, 1995; Biddanda et al., 2015;
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Milferstedt et al., in review; Abouhend et al., in preparation). Under static cultivation
conditions, mature OPGs grow to 1–2 cm in diameter, but when operated in SBR mode
treating real wastewater the granules had diameters typically between 0.5–3 mm. Similar
to aerobic sludge granules, OPGs also produce extracellular polymeric substances (EPS)
which likely play an important role in their physical structure (Liu et al., 2004; Weber et
al., 2007; Kuo-Dahab et al., in preparation).
1.3.3.2 Nutrients Removal
The phototrophic outer layer of reactor OPGs utilizes photosynthesis during the
light cycle of SBR operation, resulting in relatively high levels of DO within the reactor
during the light cycle of SBR operation (Abouhend et al., in preparation). Evidence of a
limited aerobic zone through the depth of cyanobacterial-based microbial mats is
supported by the literature, allowing for simultaneous aerobic and anoxic degradation of
nutrients within the biofilms (Stal, 1995; Stauch-White, 2016). Abouhend et al. (in
preparation) proved that OPGs possess the ability to remove total nitrogen (TN) in the
soluble form while simultaneously degrading organic matter. Nitrification by OPG
biomass occurred in the presence of DO; ammonia in the wastewater was oxidized to
nitrite and nitrite was oxidized to nitrate by ammonia oxidizing bacteria (AOB) and
nitrite oxidizing bacteria (NOB), respectively, in the OPG microbial community.
Alternatively, denitrification occurs in anoxic conditions by denitrifying bacteria that
oxidize COD through the reduction of nitrate into nitrogen gas.
Abouhend et al. (in preparation) determined experimentally that OPGs operating
in SBR mode with alternating light/dark cycles achieved both nitrification and
denitrification within the same 6-hr cycle. Literature has shown that aerobic sludge
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granules, photogranules, and cyanobacterial aggregates can too remove ammonia
(nitrogen), phosphorus, and COD in wastewater (de Kreuk and van Loosdrecht, 2006;
Yilmaz et al., 2008; Bassin et al., 2011; Klawonn et al., 2015; Arcila and Buitrón, 2016).
In addition to heterotrophic removal of nutrients within OPGs, photoautotrophic
assimilation of COD, nitrogen, and phosphorus is presumed to occur due to the presence
of photosynthetic cyanobacteria and algae (Stal, 1995; Ebeling et al., 2006; Arcila and
Buitrón, 2016).
1.3.3.3 Bench-Scale Reactor Operation
Operating the OPG wastewater treatment process in SBR mode with alternating
light/dark sequences treated real wastewater with no external aeration, regardless of the
lighting sequence (Abouhend et al., in preparation). Successful SBR operation was
achieved with four 6-hr cycles, 3.5 hours of light and 2.5 hours of dark within each cycle.
Arcila and Buitrón, (2016) present data supporting the treatment of wastewater with
photogranular biomass under 12-hr dark/12-hr light cycles, although they operated the
reactor with hydraulic residence time (HRT) greater than 2 d, while the OPG process has
achieved excellent treatment with HRT below 1 d; lower HRT signifies higher volumetric
treatment of wastewater, which is a key component in designing high-rate treatment
processes.
Another important aspect of OPG reactor operation is mixing. While Abouhend et
al. (in preparation) had success with 100 rpm mixing speeds in 1.5 L SBRs, a quantitative
study on various OPG mixing schemes has not yet been performed. Higher shear
velocities in aerobic granular sludge reactors may improve hydrophobicity and
compaction, and promote nitrifying bacteria (Tay et al., 2001; Berry, 2002). However,
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increased mixing corresponds with increased operational costs and energy use; operating
the OPG wastewater treatment process at relatively low mixing speeds could be a
significant advantage over biotechnologies that require higher mixing. Paul et al. (2004),
Post (2010), and Furukawa et al. (2012) contain insightful information about mixing that
are important for characterizing the fluid dynamics within the OPG reactors.
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CHAPTER 2
PILOT REACTOR OPERATION: PHASE I
2.1

Pilot A
To explore the outcomes of scaling up and operating the oxygenic photogranule

(OPG) process for wastewater treatment, we collaborated with the Amherst Wastewater
Treatment Plant (WWTP) to install the first pilot OPG reactor within the municipal
facility. We used the WWTP primary clarifier effluent as influent chemical oxygen
demand (COD) for operating the pilot OPG system in sequencing batch reactor (SBR)
mode. We initiated Pilot A on July 21, 2015, which operated without external aeration for
53 days at a maximum volume of 30 L, demonstrating that the OPG process can be
scaled up by at least 20 times.
2.1.1

Materials and Methods

2.1.1.1 Pilot Housing: The Shed
The pilot OPG reactors were housed and operated within the Amherst WWTP
(Amherst, MA). We assembled the shed adjacent to the north side of a concrete junction
station with access to wastewater flowing from the primary clarifier to the aeration basin
(Figure 1). Using Superstrut steel framing channels, we constructed a shed providing a
space of approximately 3 ft x 4 ft x 5 ft. Two ventilation ducts were installed to reduce
the greenhouse effect within the covered pilot housing. Heavy duty tarps were secured to
the frame using bungee cords and metal clamps to protect the pilot equipment from rain
and snow, and were also necessary for providing dark conditions for light/dark cycling
during the daytime.
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Figure 1. Pilot housing shed used to operate Pilot A within the Amherst
WWTP. The primary clarifier and concrete junction station can be seen
in the top left and middle right of the photo, respectively.
2.1.1.2 Electrical Power and Pilot Equipment
Electrical power was provided by the Amherst WWTP for the pilot studies. The
electrician at the treatment facility (Fred Hartwell) courteously constructed a 3-phase, 4wire branch circuit with eight covered 20A, 125V duplex receptacles to power the pilot
OPG system. Staff at the Amherst WWTP kindly mounted the circuit onto a 1/4”
plywood sheet, then bolted the plywood to Superstrut steel channels. We installed the
circuit along the back side of the pilot housing adjacent to the junction station (Figure 2),
and connected it to a 3-phase, 4-wire receptacle that was already connected to the station.
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Figure 2. 3-phase, 4 wire branch circuit with eight covered 20A, 125V duplex
receptacles used to power the pilot.
Two peristaltic pumps (Cole-Parmer 7553-70, USA) were used for influent
feeding and effluent decanting. 1/4" polyethylene tubing was used for both the influent
and effluent lines, and was insulated within standard 3/4" garden hoses to protect the
polyethylene from sun damage. The influent was accessed through a narrow slit in the
concrete junction station, and the effluent line was directed into an adjacent manhole. To
prevent large solids from entering the pilot reactor, a stainless-steel sink strainer was
attached to a 1-in diameter vinyl tube (Figure 3) and submerged with the influent line
threaded inside.
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Figure 3. Screening device used to prevent large solids
from being pumped into the pilot reactor.
The containers used were a 10-L rectangular glass tank (30 cm x 18 cm x 22 cm),
followed by a 50-L rectangular clear plastic container (58.4 cm x 41.3 cm x 31.x cm).
Mixing was provided by an overhead digital mixer (IKA RW20, USA) and a single flat
paddle (6 cm x 2 cm) throughout the operation. 900-lumen bright white compact
fluorescent lamp (CFL) bulbs were used to provide light to the pilot reactor.
2.1.1.3 Reactor OPGs
The photogranular biomass used in these pilot studies was taken from two benchscale OPG reactors that successfully treated wastewater in SBR operation for 150 days
(Abouhend et al., in preparation). The reactor OPGs were mature granules formed during
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SBR operation in a mixed reactor with primary effluent from the Amherst WWTP as the
influent COD source. The reactor granules were conceived from statically cultivated
granules formed in the lab. Milferstedt et al. (in review) showed that activated sludge
incubated under continuous illumination forms dense granules enhanced with
photosynthetic cyanobacteria and green algae that form a mat-like woven layer
encapsulating heterotrophic sludge bacteria.
The seed OPGs used were formed using 10 mL of municipal activated sludge
inoculum in 20 mL vials under static, batch conditions with continuous light provided
from above the vials (150 µmol/m2-s PAR value) at a constant temperature of 20 °C for
25-35 days (Milferstedt et al., in review). Following Abouhend et al.’s successful SBR
study, mature OPGs were used to initiate the pilot instead of seed granules for two
reasons: (1) to investigate the effect of transferring mature reactor OPGs into a new
system on startup performance under similar operating conditions, and (2) to hasten the
pilot startup time since mature OPGs can take several months to form from seed.
2.1.1.4 Pilot Operation
The first pilot OPG reactor, Pilot A, was initiated in the laboratory on July 21,
2015. We used 1 L of OPG biomass from reactor 1, and 1.5 L of biomass from reactor 2;
both reactors had been operating in SBR mode treating real wastewater for 150 days. We
filled the 10 L rectangular glass reactor with the 2.5 L of mixed biomass, 3.5 L of
primary effluent, and 4 L of effluent from the lab scale reactors. Light was provided to
the sides of the reactor by 2 CFL bulbs. Using the lux (lx) meter, we adjusted the distance
between the bulbs and the reactor to provide light intensity of 10 klx on the reactor
surface.
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Pilot A was operated in batch mode with 24-hour light for the first 7 days to
enhance the concentration of cyanobacteria in the OPG biomass. Once a day during this
time, the biomass was manually settled for 15 minutes followed by the decanting of 4 L
of the reactor supernatant and addition of 4 L of primary effluent; this corresponded with
a mean hydraulic residence time (HRT) of 2.5 days. On the 8th day, manual decanting
and feeding was reduced to 2.5 L per day (HRT = 4 d), and a third CFL light bulb was
added to provide a light intensity of 10 klx on an additional side of the reactor. On day 9,
the 10 L reactor was transported from the lab to the pilot housing within the Amherst
WWTP.
Inside the shed we assembled at the plant, we programmed the pilot to run in SBR
mode with 4 6-hr cycles to mimic the operational conditions of the lab-scale OPG
reactors. Each cycle began with 10 minutes of influent feeding at 250 mL/min, totaling
2.5 L per cycle (1-d HRT). The mixer was set at 90 rpm with the smaller paddle,
providing enough mixing to completely suspend the OPG biomass. Light was provided at
the start of each cycle for 3.5 hours, followed by 2.5 hours of dark conditions. At the end
of each cycle, the mixer turned off to provide 15 minutes of biomass settling followed by
10 minutes of supernatant decanting. The decanting tube was positioned so that 2.5 L of
supernatant was removed as reactor effluent each cycle; the 4 6-hour cycles correspond
with 1 d HRT.
On day 15, a fourth CFL bulb was set up facing the last side of the 10 L glass
reactor providing an intensity of 10 klx on the surface to provide more light availability
for the granules. In addition, we started performing daily biomass wastage by removing
250 mL of the mixed biomass at the end of the SBR cycle. The solids retention time
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(SRT) of the OPG biomass was calculated by dividing the reactor volume (L) by daily
wastage (L/d). Due to low levels of DO in the reactor at the end of the light cycle, the two
lights facing the smaller ends of the 10 L reactor were moved above the reactor on day
17. The lights were positioned to provide the reactor top surface with a light intensity of
10 klx.
Pilot A was scaled up from 10 L to 30 L on day 28. We moved all four lights
above the reactor, providing a light intensity of 10 klx on the top surface. Mixing was
increased to 100 rpm. Biomass wastage was reduced to 100 mL removed every other day
(50 mL/d average). The HRT was reduced from 1 d to 0.75 d by first sizing the decanting
tube to remove 10 L of supernatant, then increasing the feeding time to 40 minutes at 250
mL/min to add 10 L of wastewater to the reactor each cycle. Due to an issue with the
controller, the reactor effluent pump did not operate overnight, and the reactor volume
reached 50 L on day 29. However, the reactor did not overflow, and no biomass was lost.
We stopped the mixer to allow for 30 minutes of settling and manually decanted 20 L of
the supernatant to return the reactor back to a volume of 30 L. We resolved the controller
issue and continued operating Pilot A in SBR mode.
To increase the growth and motility of photosynthetic cyanobacteria, four
additional lights were added on day 36: two directly facing the surface of two sides of the
reactor, and two above the reactor. The reactor was also operated under 24-hour light
conditions to encourage growth of OPGs until day 39, when it was returned to its original
alternating 3.5-hr light/2.5-hr dark configuration. Shortly after, the reactor became turbid
and the biomass settleability deteriorated with the appearance of heterotrophic sludge
flocs. We observed a dramatic reduction in light penetration inside the reactor due to the
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loose, free-floating sludge flocs. To decrease turbidity and provide more space for OPG
growth, we increased the daily ML wastage to 600 mL/d (17-d SRT) starting on day 42
until the end of Pilot A operation. Unfortunately, this strategy was unsuccessful; it is
likely that the SRT was shorter than time required for OPGs to form and propagate within
the reactor, leading to the loss of granules.
In an experiment to observe the effect of selectively wasting the unwanted sludge
flocs to further increase light penetration through the reactor biomass, we performed a
large wastage of 1,600 mL of the top layer floc-like biomass during settling on day 45,
followed by 1/4 (8 L) of the mixed biomass at the end of the cycle on day 46. However,
we found that no new granules were forming and the system was still overridden with
sludge. On day 49, effluent soluble COD reached above 75 mg/L, and on day 53 we
ended Pilot A operation.
The OPG biomass was brought back to the lab and the granules were salvaged by
incrementally removing sludge through a washing process using tap water. In this
process, we transferred the OPG biomass to a 5-gallon bucket, filled the bucket with
room-temperature tap water, allowed several minutes for OPG settling, then gently
poured out the water ensuring that only flocs were washing out. Once granular biomass
was seen being washed out, we immediately stopped pouring and repeated the process,
starting with filling the bucket with tap water. The OPGs conserved after washing would
later be used as the biomass to initiate Pilot B.
2.1.1.5 Analytical Methods
Two 10 mL mixed liquor (ML) samples of the pilot OPG biomass were taken
three times per week to measure total suspended solids (TSS) and volatile suspended
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solids (VSS) concentrations using Standard Methods for Water and Wastewater Analysis
(APHA, 2005). In addition, 50 mL unfiltered samples of the pilot influent wastewater and
effluent were taken at the end of the noon cycle to measure soluble chemical oxygen
demand (COD) three times per week.
U.S. regulations on wastewater effluent are based on total biological oxygen
demand (BOD), limiting monthly BOD5 average to 30 mg/L (Code of Federal
Regulations). Because BOD analysis takes several days to complete, we chose to measure
influent and effluent COD to track reactor performance. COD encompasses all of BOD
and more organic matter, and is therefore a conservative indicator of effluent water
quality. Abouhend et al. reported that the 0.45-μm soluble fraction of COD (sCOD) in
Amherst wastewater typically accounts for 50–70% of the total COD. Since sCOD in the
influent wastewater is readily available for OPGs to utilize, removal of organic matter
from the influent wastewater during pilot operation was measured via sCOD in lieu of
total COD (tCOD).
sCOD samples were prepared by syringe filtering the raw samples through 2.5 cm
diameter, 0.45 μm cellulose membrane filters. Influent and effluent sCOD concentrations
were determined in the lab using the Standard Methods for Water and Wastewater
Analysis (APHA, 2005). Dissolved oxygen (DO) concentration and temperature of the
mixed liquor were recorded frequently using a portable DO meter (Extech 407510A,
USA). pH of the mixed liquor was recorded several times using a bench top pH meter
(Corning 320, UK).
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2.1.2

Results

2.1.2.1 OPG Biomass Growth
Changes in OPG biomass concentration (measured in mg/L TSS) and reactor
volume versus operation time for Pilot A are shown in Figure 4a. Although biomass
growth patterns changed throughout pilot operation, the ratio of g VSS/g TSS was
consistent at 0.83 ± 0.01. Pilot A was split into four unique growth periods over the
course of operation, and linear regression curves were used to determine linear
concentration-based (LCB) OPG biomass growth rates during these periods (Figure 4b).
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Figure 4. (a) Pilot A TSS concentration and reactor volume over the operation period. (b)
TSS concentration separated into four growth periods. Linear regression models were
used to determine the linear concentration-based (LCB) biomass growth rates (mg
TSS/L-d) for each period. Periods between days 1–10 and 28–39 both show a strong
positive correlation.
Over the first 10 days of operation of Pilot A, the OPG biomass concentration
(TSS) steadily increased at a rate of 152 mg/L-d (R2 = 0.99) from 715 mg/L on day 1 to
2,075 mg/L on day 10. From day 10 to day 25, the biomass concentration leveled off at
roughly 2,000 mg/L. After scaling up the pilot from 10 L to 30 L, the OPG biomass
concentration increased at only 71 mg/L-d (R2 = 0.97), half of the rate at which the
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biomass was growing when the volume was 10 L. Between days 39 and 46, the OPG
biomass concentration leveled off once again at about 1,800 mg/L. TSS decreased
steadily between days 44–51, losing roughly 57 mg/L-d (R2 = 0.74) of OPG biomass due
to the inhibition of granulation. TSS concentration dropped below 1,500 mg/L on day 49,
by which point Pilot A was overridden with sludge bacteria flocs.
2.1.2.2 Organics Removal
Influent wastewater sCOD concentration was typically 117 mg/L, but was highly
varying with a range of 60–183 mg/L over the operation period. Excluding the final two
sCOD measurements (at which time the effluent sCOD concentration was greater than 75
mg/L), the average effluent sCOD concentration was 35 mg /L, ranging between 27–47
mg/L throughout pilot operation. Figure 5 below displays the influent and effluent sCOD
measurements over the operation of Pilot A.
210

40
Effluent

Volume

180
30

150
120

20
90
60

10

Reactor Volume [L]

sCOD Concentration [mg/L]

Influent

30
0

0
1

6

11

16

21

26

31

36

41

46

51

Pilot A Operation Day

Figure 5. Pilot A influent and effluent soluble chemical oxygen demand (sCOD)
concentration and reactor volume over the operation period.
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Food-to-microorganism (F/M) ratios were calculated using equation 1 for batch
reactor operation (Rittmann and McCarty, 2001):
𝐹/𝑀 =

𝑆0
𝜃∙𝑋𝑉

(1)

where S0 is the influent nutrient load in mg sCOD/L (influent sCOD concentration), ϴ is
the HRT in days, and XV is the VSS concentration of the OPG biomass in mg VSS/L. The
average F/M ratio was 0.11 g sCOD/g VSS-d, and ranged from 0.06–0.21. During 10 L
reactor operation, the average F/M ratio was lower (0.07) compared to 30 L operation
(0.14).
Since Pilot A was operated in SBR mode with batch cycles, the difference
between influent and effluent COD concentrations represented the nutrients removed per
cycle by the biomass. Removal efficiency was calculated by subtracting the effluent
sCOD concentration from the influent sCOD concentration of the same operation day,
then dividing that value by the influent sCOD concentration. The average removal
efficiency over the operation period of Pilot A was 65% (± 8%), with a maximum of 76%
and minimum of 50% near the end of operation. TSS concentration, F/M ratio, and
removal efficiency over the operation period are shown in Figure 6.
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Figure 6. sCOD removal efficiency (left axis) with (a) TSS concentration and (b) F/M
ratio (right axes) during Pilot A operation.
2.1.2.3 Dissolved Oxygen, Temperature, and pH
Dissolved oxygen in the pilot reactor was typically low, with an average DO
concentration of 0.9 mg/L, excluding the point when DO reached above 4 mg/L on day
37 (the day after we increased the amount of light provided to the reactor). The
temperature inside Pilot A was consistent with an average of 26 °C (79 °F), high of 29 °C
(84 °F), and low of 23 °C (73 °F). The pH was very consistent with an average of 7.05,
maximum of 7.17, and minimum of 6.91.
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2.1.3

Discussion

2.1.3.1 Reactor Operation and OPG Growth
The 53-day operation of Pilot A provided us with useful data as well as optimism
for future pilot operation and scale ups. The first scale up from 1.5 L to 10 L SBR
reactor, a 6.7-times dilution, dramatically reduced the OPG biomass concentration (TSS)
to 715 mg/L. The initial 24-hour light batch mode with limited feeding (2.5 d HRT for
the first 7 days, and 4 d HRT on the 8th day) provided good conditions for the OPG
biomass to grow linearly at 152 mg/L-d (Figure 4b). The trend continued until after day
10 when the biomass leveled off at around 2,000 mg/L over the next 16 days.
The stagnation of OPG biomass growth between days 14–25 was experienced
shortly after several changes were made to the pilot. On day 9, we switched from 24-hr
light, limited-feeding batch mode to SBR mode with four 6-hr cycles of feeding and
decanting (1-d HRT) along with alternating 3.5-hr light / 2.5-hr dark phases. This change
increased the volume of influent added daily to the system by 2.5 times and occurred
during a period of increasing COD concentration in the Amherst wastewater. The total
light exposure time provided to the reactor was reduced by 42% (24-hour to light to 14
hours of alternating light), possibly hindering the growth of photosynthetic cyanobacteria
and microalgae within the OPGs. Although an additional light bulb was added on day 15
to provide more light availability, we began removing (wasting) OPG biomass at a rate of
250 mL/d (40-d SRT), reducing the observed growth rate. The decrease in light exposure
time and commencement of daily OPG wastage (removal) were most likely the causes of
this low-growth period. Yet, COD removal efficiency was at its highest (71%) during this
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11-day stagnant period, signifying that daily wastage may have improved Pilot A
performance.
After scaling up to 30 L, pilot TSS decreased from 2,250 mg/L to 900 mg/L
reflecting the 3-times dilution of OPG biomass. TSS increased approximately linearly at
a rate of 71 mg/L from days 28–39, less than half the growth rate observed between days
1–10 (Figure 4b). More noticeably, the F/M ratio during this period spiked to nearly 0.20,
then decreased quickly to below 0.10 (Figure 6b). The sharp increase in organic loading
may have induced stress on the low concentration of OPGs and hindered their ability to
degrade COD and propagate. Limited OPG growth and reactor temperatures above 25 °C
provided an opportunity for loosely-formed sludge flocs to appear in the reactor after day
40. The fast-growing sludge flocs became more prominent as we increased the wastage
on day 42 to 600 mL/d (17-d SRT). The F/M ratio rapidly increased to above 0.20 on day
49; the combination of high influent nutrients, temperature above 25 °C, and DO
availability allowed the sludge to thrive and inhibit performance of the pilot system. The
low-density, loose, fluffy, brown sludge flocs caused turbidity that decreased light
penetration, limiting photosynthetic respiration and growth of the filamentous
cyanobacteria and microalgae within the OPGs. Milferstedt et al. (in review) hypothesize
that the enrichment of motile, filamentous cyanobacteria is essential for granulation to
occur; due to inadequate light exposure, cyanobacterial growth was limited in the pilot
reactor, inhibiting granulation and most likely causing the pilot to fail.
2.1.3.2 Organics Removal
Even though overall sCOD removal was low (65%), Pilot A maintained an
average effluent sCOD concentration of 35 mg/L – close to the 30 mg/L goal. Figure 6
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shows that the highest removal efficiencies were achieved at the beginning of SBR
operation when the TSS was relatively high (1,800–2,250 mg/L) and F/M ratios were
between 0.05–0.10. COD removal initially decreased below 60% after day 26 when Pilot
A was scaled up from 10 L to 30 L, effectively diluting the OPG biomass 3-fold and
causing a sharp increase in the F/M ratio. When F/M ratios quickly increased above or
decreased below 0.10, removal efficiencies decreased. Increasing the number of light
bulbs between days 28–36 may have slightly improved COD removal at that time, but did
not have a noticeable effect on the removal efficiency throughout the rest of pilot
operation.
Soluble COD of the pilot effluent was relatively high and increasing in strength
after commencing SBR operation on day 9. The two 1.5 L bench scale OPG reactors
operated in the lab produced effluent COD concentrations below 30 mg/L over the entire
period, whereas Pilot A effluent rarely contained less than 30 mg/L sCOD. The sCOD
removal efficiency of Pilot A was in the range of 50–76%, significantly lower than what
was observed in the bench scale OPG studies (85–95% COD removal). Additionally, the
1.5 L reactors maintained an average OPG biomass concentration (TSS) of 3,000 mg/L,
whereas Pilot A TSS never exceeded 2,300 mg/L. From this comparison alone, it appears
that operating the OPG process with higher biomass concentrations (3,000–4,000 mg/L)
may yield the benefit of improved COD removal.
2.1.3.3 Robustness to Varying Conditions
To probe the ability of the OPG wastewater treatment process to endure and
perform in varying environmental conditions, Pilot A was operated outdoors. Although
the shed was necessary to protect the pilot reactor and equipment from rain and wind,

29

operating Pilot A outside allowed us to examine the effect of above-average, fluctuating
temperatures on the OPG process. During bench scale OPG reactor operation, the lab was
temperature controlled at 20–22 °C (Abouhend et. al) The minimum temperature
experienced by Pilot A was greater than the maximum temperature during controlled
operation, with an average of 26 °C. The ability of the OPG system to operate in high
ambient temperatures holds significance for utilizing the novel technology in developing
countries where typical temperatures exceed 25 °C.
After scaling up to 10 L, Pilot A exhibited a biomass growth rate of 152 mg/L-d,
higher than what was observed in the bench OPG reactors. Since F/M ratio remained
consistent during this period, the increase in OPG biomass growth rate may have been
due to: (1) available space and increased light availability inside the reactor after the 6.7times dilution, (2) higher operating temperature, or a combination of (1) and (2). While
faster OPG growth is a clear advantage for scaling up the system, operating above 25 ºC
has its own set of challenges. High reactor temperatures accelerated the overgrowth of
heterotrophic sludge bacteria flocs in the reactor during the final week of operation,
which interfered with light penetration and caused the loss of granules.
2.1.4

Conclusion
Pilot A was a successful plunge into the unknown of scaling up the novel OPG

biotechnology. It demonstrated that the OPG wastewater treatment process is robust and
can substantially remove COD from real wastewater of varying strengths without any
external aeration. However, the sCOD removal efficiency (65%) was well below EPA
regulations (> 85%) and the bench scale OPG reactors (85–95%), potentially due to low
TSS concentration (700–2,300 mg/L, compared to 2,000–3,500 mg/L during the bench-
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scale study). Periods of increasing F/M ratios between 0.05–0.1 (mg sCOD/mg VSS-d)
corresponded with improved removal efficiency, but F/M ratios above 0.15 hindered
COD degradation. Two successful scale ups (1.5 to 10 L, 10 L to 30 L) led to the quick
formation of new OPG biomass, although their progression was hindered at several
points during operation. Pilot A eventually lost performance due to the appearance and
growth of sludge bacteria flocs that took advantage of available space from the 10–30 L
scale up, high temperatures, and low OPG biomass concentration. The sludge flocs
created turbidity which decreased light penetration into the reactor. Because
photosynthetic cyanobacteria and algae need light for the OPG process to work, the
reduced light availability ultimately inhibited granulation.
2.2

Pilot B
Although Pilot A demonstrated the ability to treat real wastewater of varying

strength at above-average temperatures (26° C), the system removal efficiency and OPG
biomass concentration never exceeded 76% and 2,300 mg/L, respectively. In contrast to
Pilot A, Abouhend et al. operated OPG reactors at higher biomass concentrations,
maintaining average TSS concentrations of approximately 3,000 mg/L for both reactors.
To evaluate the effect of higher biomass concentration on the pilot OPG system using the
bench-scale light configuration, we initiated Pilot B on October 5, 2015.
2.2.1

Materials and Methods

2.2.1.1 Pilot Housing and Equipment
The same reactor housing and equipment used to operate Pilot A were used to
operate Pilot B. The reactor was changed from the 10-L rectangular glass reactor to an 8L cylindrical glass reactor (22.5-cm diameter x 18-cm height). We eventually switched
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from the cylindrical glass reactor to a white plastic rectangular reactor (44.5 cm x 36.2
cm x 17.8 cm). A fish tank heater was used continuously on the minimum temperature
setting (20 ºC) to keep the relatively small reactor from experiencing very low/freezing
temperatures.
2.2.1.2 Reactor OPGs and Operation
Dense reactor OPG biomass from Pilot A was transferred to Pilot B after
performing the washing process detailed in section 2.1.1.4. Amherst primary effluent was
added to the OPG biomass up to a volume of 3.5 L in the glass reactor, yielding a TSS
concentration of 4,300 mg/L. Mixing was provided at 90 rpm to completely suspend the
OPGs. We operated Pilot B in batch mode for one day, and on day 2 we moved it to the
shed and increased the volume to 5 L. To investigate the inverse light scheme (dark first,
then light), we started operating in SBR mode with 1-d HRT and a light sequence of 2-hr
dark followed by 4-hr light using 2 LED bulbs on opposite sides of the reactor. To
provide more light availability due to the appearance of sludge flocs in the reactor, we
added more light bulbs between days 4–6, including overhead fluorescent lamps (Figure
7).
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Figure 7. Light configuration used for Pilot B from days 6–33.
HRT of 1 day was maintained from day 2 until day 28, when we operated Pilot B
in 24-hour light batch mode (no feeding/decanting) for 3 days. On day 11, the reactor
volume was increased from 3.5 L to 6.5 L, and on day 22 the OPG biomass was
transferred to the white plastic bin and the volume was increased to 10 L until the end of
operation. Four LED lights provided a light intensity of 10 klx at the reactor surface.
Large wastages of 2 L and 1 L were performed on days 25 and 26, respectively, to
encourage growth of new OPG biomass. On day 30, we removed an additional 1/4
volume of the reactor biomass and returned the reactor to SBR mode with 1-d HRT and
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2-hr dark/4-hr light cycles. We immediately observed an overgrowth of sludge bacteria
flocs in the reactor, and ended operation on day 33.
2.2.1.3 Analytical Methods
Please refer to section 2.1.1.5 as the methods used to analyze Pilot B were
identical to those used for the analysis of Pilot A.
2.2.2

Results

2.2.2.1 OPG Biomass Growth
The OPG biomass concentration (TSS) and reactor volume versus operation time
of Pilot B are shown in Figure 8a. The VSS/TSS ratio of Pilot B was 0.85 ± 0.02, slightly
higher than that of Pilot A. The unique growth periods were selected and linear
regression curves were used to determine the LCB growth rates of the granules during
these periods (Figure 8b).
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Figure 8. (a) Pilot B TSS concentration and reactor volume over the operation period. (b)
TSS concentration separated into three growth periods. Linear regression models were
used to determine the LCB biomass growth rates (mg TSS/L-d) for each period. The
period between days 3–10 shows a strong positive correlation.
OPG biomass grew very quickly when the volume was 3.5 L, but leveled off
between 4,000–4,600 mg/L after scaling up to 6.5 L (omitting the 3,200 mg/L outlier data
point measured on day 19). Even after scaling up to 10 L, the biomass concentration
exceeded 4,000 mg/L. Because the pilot was crowded with OPGs and light penetration
started to diminish, we performed large wastages on days 25, 26, and 28. However, these
large removals of OPGs provided space for sludge flocs to propagate in the reactor,
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growing faster than OPG biomass and causing a sharp increase in TSS from day 31 to
day 33. Between days 3–10, the OPG biomass grew surprisingly fast at a rate of 288
mg/L-d (R2 = 0.97), nearly double that of the fastest rate observed in Pilot B. Growth
appeared to be limited between days 12–22, and varied during days 26–33 due to large
biomass wastages.
2.2.2.2 Organics Removal
Pilot B operated with an average influent sCOD concentration of 157 mg/L,
ranging from 133 to 182 mg/L. The average effluent sCOD during the pilot operation was
41 mg/L, and ranged from 35 to 49 mg/L. Figure 9 below displays influent and effluent
sCOD concentrations over the operation period of Pilot B.
Influent

Effluent

12

Volume

210

10

180
8

150
120

6

90

4

60

Reactor Volume [L]

sCOD Concentration [mg/L]

240

2

30
0

0
1

6

11

16

21

26

31

Pilot B Operation Day

Figure 9. Influent and effluent sCOD concentrations and reactor volume during Pilot B
operation.
Overall sCOD removal was roughly 73%, with low and high removal efficiencies
of 67% and 79%, respectively. F/M ratios were lower than Pilot A, ranging between
0.03–0.11 g sCOD/g VSS-d with an average of 0.06. Figure 10 shows sCOD removal
efficiency, TSS (Figure 10a), and F/M ratio (Figure 10b) versus operation time.
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Figure 10. sCOD removal efficiency (left axis) with (a) TSS concentration and (b) F/M
ratio (right axes) during Pilot B operation.
2.2.3

Discussion

2.2.3.1 Reactor Operation and OPG Growth
OPG biomass grew most rapidly between days 3–10, when TSS increased from
1,800 mg/L to 4,000 mg/L with an LCB growth rate of 288 mg/L-d (Figure 8). The high
growth rate was most likely due to the scale up from 3.5 L to 5 L which provided space
for new OPGs to form. In addition, maintaining a relatively high TSS after scaling up (>
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1,800 mg/L) most likely contributed to the fast growth. The 5-L to 6.5-L scale up that
followed was a small jump that allowed the biomass concentration to remain around
4,000 mg/L; this possibly accounted for the stagnation of OPG growth, since the system
was very crowded and light penetration was poor. Daily wastages may have helped
reduce the business, but we elected not to waste in anticipation of the next scale up on
day 23. Scaling up from 6.5 L to 10 L did not lead to new OPG growth, potentially due to
high biomass concentration which limited the light conditions in the reactor. We
performed large wastages on days 25, 26, and 30 to reduce the OPG concentration from
roughly 4,000 mg/L to 3,000 mg/L, allowing more space for light penetration and new
biomass growth. However, like the end of Pilot A operation, fast-growing heterotrophic
sludge flocs became prominent in the system immediately after the large wastages.
2.2.3.2 Organics Removal
The average influent sCOD for Pilot B was 182 mg/L, significantly greater than
that for Pilot A (117 mg/L) (Figure 9). Consequentially, the average effluent sCOD was
41 mg/L, higher than Pilot A operation (35 mg/L) and 11 mg/L above the EPA standard
Yet, sCOD removal in Pilot B had improved to 73% (compared to 65% achieved by Pilot
A), most likely due to the increased concentration of OPG biomass during operation. The
F/M ratio initially fell from 0.11 to 0.05, and remained around 0.05 until day 26 (Figure
10b). The increase to 0.08 that followed correlated with an increase in removal
efficiency, although by this time sludge flocs were present and the reactor which
inhibited the formation of OPG biomass.
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2.2.4

Conclusion
Pilot B achieved greater sCOD removal than Pilot A – most likely due to higher

TSS concentration – suggesting that OPG biomass concentration plays a significant role
in reactor performance. Yet it fell short of the bench scale studies, indicating that
conditions in the pilot were not optimal. The initial scale up from 3.5 L to 5 L led to the
very rapid LCB growth rate (nearly twice the highest rate achieved in Pilot A), possibly
due to high (> 1,800 mg/L) biomass concentration after the volume increase.
2.3

Phase I General Findings
Pilots A and B were exciting and powerful indicators that the OPG process for

wastewater treatment is scalable, reaching a maximum volume of 30 L (20-times increase
from bench scale studies). Uniquely, a pattern of strong linear growth during the first 1–2
weeks was observed three times immediately after three different scale ups ranging from
1.4–6.7-times volume increase. The LCB growth rate was a surprisingly consistent
measurement of growth in the pilot reactors, and may hold significance in determining
optimal OPG scale-up conditions. Although the data collected was useful for growth
analysis, recording additional parameters – such as chlorophyll concentration in the
OPGs, and dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) removal
efficiency – is recommended for improved overall analysis of the OPG biomass and pilot
conditions.
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CHAPTER 3
PILOT REACTOR OPERATION: PHASE II
3.1

Pilot C
Phase I pilot scale operation of the OPG system exhibited significant removal of

organics (65–73% sCOD removal), periods of high biomass growth (71–288 mg/L-d),
and the ability to operate the OPG process at high ambient temperatures (over 25 °C).
The successful 20-times scale up of Pilot A was a great achievement and inspired new
discussions and ideas about reactor configurations for large-scale OPG systems. With the
ultimate goal of using natural sunlight as the main energy source for the photosynthetic
OPGs, we brainstormed many possible designs that utilize natural diurnal light to provide
DO to the system during the day. However, since cyanobacteria and microalgae are
unable to produce DO under dark conditions, nighttime wastewater treatment becomes a
challenge. Realizing the cost benefits of designing an OPG system that minimizes
infrastructure changes to typical continuously-stirred tank reactor (CSTR) municipal
WWTP configurations, we elected to investigate an OPG system design that utilizes
bottom diffusion aeration during the nighttime only. On November 13, 2015, we
commenced operation of the first hybrid light/aeration OPG wastewater treatment
process: Pilot C.
3.1.1

Materials and Methods

3.1.1.1 Pilot Housing: The New Shed
The shed used for Pilots A and B was uncomfortably small, difficult to work in,
and its durability in the snow was not to be tested. A heavy-duty portable shed with
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dimensions 12 ft x 16 ft x 8 ft (width x length x height) was purchased (ShelterLogic,
USA) and constructed during late September of 2015 (Figure 11).

Figure 11. The new shed constructed for Phase II pilot operation.
3.1.1.2 Electrical Power and Pilot Equipment
The same circuit used for electrical power during Phase I OPG pilot operation
(refer to section 2.1.1.2) was moved inside the new shed and mounted parallel to – and
abutting – the flat end of the shed closest to the concrete junction box. The white plastic
rectangular reactor used previously in Pilot B was used during days 1–4 (10 L), followed
by a white cylindrical plastic reactor from days 5–27 (10–12 L), a green cylindrical
plastic reactor from days 28–105 (15.5–18 L), and the same rectangular clear plastic
reactor used for Pilot A operation (30 L) between days 106–147. Aeration in the reactor
was provided by a fish tank aerator and diffuser stone at night to test the OPGs' response
to mechanical aeration as their source of DO when natural light is not available.
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3.1.1.3 Reactor OPGs and Operation
Concentrated OPG biomass from Pilot B was returned to the lab, cleaned of
sludge flocs using the washing method described in section 2.1.1.5, and then transferred
back to the Amherst WWTP to initiate Pilot C.
Pilot C was operated in SBR mode with four 6-hr cycles of feeding, mixing,
settling, and decanting. Each cycle started with feeding (2.5 L of Amherst primary
effluent per cycle, 70 min feeding period, 1-d HRT) and continuous mixing at 100 rpm.
The mixer was turned off 40 min prior to the end of each 6-hr cycle to allow for 30 min
of settling and 10 min of supernatant decanting. The two daytime cycles consisted of
continuous light provided by four 14-W LED bulbs inducing a light intensity of 10–12
klx on the reactor surface; no aeration was provided during the day. Although the natural
light intensity outside on a clear (sunny) day is around 100 klx, it can fall below 3 klx on
cloudy days. During the two night cycles, maximum aeration (about 2 L/min) through a
diffuser was provided by fish aerators. The 12-hr light cycle began at 8 am and ended at 8
pm when the lights went off and aeration began. Aeration was used throughout the dark
phase but was suspended (along with mixing) 40 minutes prior to the end of each cycle as
to not impose suspension and mixing of OPG biomass during the settling and decanting
periods. Other than the periods of biomass wastage specified below, biomass removal
was kept to a minimum and collected only when samples were needed for analysis (60–
160 mL per week).
We observed that the reactor influent contained a very high concentration of
suspended solids (TSS of the influent was not recorded at that time), prompting the
appearance of sludge flocs in the system over the first 4 days. On day 5, we changed the
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reactor to a white plastic cylindrical container to more closely mimic the cylindrical
reactor geometry used for bench-scale OPG operation. We also set up a large 120-L
container (filled manually every 2–3 days) that allowed for the settling of influent
suspended particles. In addition, a 50-L bucket was used to capture the pilot effluent. On
day 13, we scaled up from 10 L to 12 L in the same reactor. HRT was maintained at 1-d
by increasing the decanting volume to 3 L/cycle and feeding duration to 85 minutes. The
presence of suspended sludge flocs became more prominent on day 25, prompting 3 days
of 100 mL/d wastage of ML biomass. Decrease in suspended particles was observed
immediately after beginning wastage, improving reactor conditions and leading to the
scale up to 15.5 L and 18 L on days 28 and 29, respectively. The system was set to a 24hr light batch mode with no feeding on days 30 and 31. On day 32, the pilot was returned
to SBR mode with the same conditions except for increasing decanting volume to 4.5
L/cycle (1-d HRT) and influent feeding duration to 115 min. Mixing speed was increased
to 120 rpm to provide more suspension for the OPGs.
Between days 32–33, a large amount of OPG biomass was unintentionally
wasted. Due to a malfunction in the electronic controller that caused the mixer to remain
on during the settling and decanting periods, 25 g of OPGs were inadvertently decanted
into the effluent bucket. Before noticing that this malfunction occurred, the effluent
bucket was emptied, inadvertently discarding the OPG biomass. To reduce the risk of
sludge flocs invading the vulnerable reactor, we temporarily reduced the HRT to 1.5 d
form days 34–39. On day 35 we observed improved reactor conditions, notably very clear
effluent and the presence of small, dense protogranules. HRT was reduced to 1 d on day
40, coinciding with the appearance and propagation of filamentous green algae in the
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system. Freezing temperatures caused the pilot influent and effluent lines to freeze
overnight on day 47; to prevent freezing, we insulated the tubing with foam insulation
and insulation tape. Bone-chilling temperatures as low as -15 °C caused the same issue
on days 54 and 63, causing the pilot to miss several cycles. On days 67 and 68, we
operated the reactor in batch mode and completed the addition of a hot water jacket on
day 69. We wrapped the water jacket tubing around the pumps and pump tubing and
operated the hot water jacket heater at 40 ºC continuously to keep the influent and
effluent lines thawed. By day 85 the overgrowth of algae had subsided, but we faced even
more equipment and weather issues that led to poor reactor conditions.
Controller-related issues on days 91 and 92 caused the pilot to miss several cycles
and inadvertently decant biomass wastage. Luckily, the biomass was returned to the
reactor and the controller was fixed. On day 95 we found the influent wastewater and
effluent buckets to be frozen, causing the pilot to miss at least one feeding cycle.
Filamentous green algae thrived again, as we observed free-floating algae and a reduction
in the number of OPGs and the overall settleability. To encourage the growth of new
OPG biomass, we scaled up from 18 L to 30 L on day 106. 1-d HRT was maintained and
nighttime aeration was reduced to about 1 L/min (half of the maximum flow). Mixing
intensity was increased once again to 140 rpm to improve the suspension of OPG
biomass. A 300-mL wastage was performed on day 111, and after observing improved
conditions we began wasting 600 mL of biomass every 2 days (days 117–121) and 900
mL every 3 days (days 124–133). On day 134, we simultaneously reduced the HRT to
0.75 d and increased wastage to 1,500 mL every 3 days (500 mL/d, 60-d SRT). However,
on day 137, the reactor biomass dramatically shifted from OPGs and green algae to
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brown sludge flocs. 10 g of OPG biomass from the lab was added on day 138, and
aeration was returned to [maximum] on day 140; yet, the sludge flocs prevailed and
through two additional 1 L biomass wastages (days 144 and 147) and Pilot C operation
was stopped on day 147.
3.1.1.4 Analytical Methods
To determine TSS and VSS concentrations over the operation period, duplicate 10
mL (days 1–46) and 25 mL (days 49–147) ML samples of the pilot OPG biomass were
collected immediately before the settling period prior to the 2 pm cycle two times per
week and analyzed in the lab using the Standard Method (APHA, 2005). The ML sample
volume was increased to 25 mL on day 49 to begin capturing a more representative group
of the OPG biomass. Starting on day 25, duplicate 10 mL samples were taken once per
week for chlorophyll analysis of the ML using the spectrophotometric Standard Method
(APHA, 2005). Chlorophyll-a and chlorophyll-b concentrations were divided by the TSS
concentration of the same operation day to determine chlorophyll-a/TSS and chlorophyllb/TSS ratios. Chlorophyll-a/chlorophyll-b ratios were determined by dividing the
chlorophyll-a concentration by the chlorophyll-b concentration of the same day.
Duplicate 50 mL unfiltered samples of the pilot influent wastewater and effluent
were collected twice per week along with the ML samples at the end of the 2 pm cycle to
measure soluble chemical oxygen demand (COD) biweekly. When we installed the hot
water jacket to keep the influent and effluent pumps and lines from freezing, we stored
the influent in a 120-L cylindrical plastic tank and effluent in a 50-L rectangular
container. During this time, the effluent bucket was mixed before sample collection.
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Soluble COD (sCOD) samples were prepared and analyzed as described in
section 2.1.1.5. The remainder of the filtered influent and effluent samples were
preserved in the freezer for total dissolved nitrogen (TDN) and dissolved organic carbon
(DOC) analysis. TDN and DOC concentrations of the influent and effluent samples were
determined using a TOC/TN analyzer (SHIMADZU, TOC-VCPH, China). Dissolved
oxygen (DO) concentration and temperature inside the reactor were recorded frequently
using a portable DO meter (Extech 407510A, USA).
Petri dish images were taken 2–3 times per week to observe biomass changes over
the pilot operation period. 6-mL samples of OPG biomass were transferred to 5-cm round
Petri dishes and were photographed using an iPhone 6 camera. In addition, microscope
images were captured 1–2 times per week to document changes in composition of the
OPG biomass over time.
3.1.2

Results

3.1.2.1 OPG Biomass Growth
The OPG biomass concentration (TSS) and reactor volume over Pilot C operation
are shown in Figure 12a. The granules grew slowly throughout Pilot C operation, and
TSS never exceeded 4,500 mg/L. The highest LCB growth rates achieved were 80 mg/Ld (R2 = 0.51), which occurred between days 1–11, and 72 mg/L-d (R2 = 0.49), which
occurred between days 89–105 (Figure 12b).
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Figure 12. (a) Pilot C TSS concentration and volume over the operation period. (b) TSS
concentration separated into six growth periods. Linear regression models were used to
determine the linear concentration-based (LCB) biomass growth rates (mg TSS/L-d) for
each period. All periods except for days 13–25 showed strong positive correlations.
3.1.2.2 Nutrients Removal
The soluble COD accounted for 53–100% of the total effluent COD throughout
operation, with an average of 73%. Influent sCOD strength varied widely, ranging from
56–330 mg/L with an average of 155 mg/L (Figure 13). Excluding the final week of
operation when the reactor became overridden with sludge and effluent sCOD
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concentrations were above 80 mg/L, the average effluent sCOD was 24 ± 11 mg/L (29 ±
21 mg/L including the final week). Effluent sCOD ranged from 0–60 mg/L, but was
maintained below 30 mg/L for over 70% of the reactor operation period. The average
sCOD removal efficiency was 83% (excluding the last week of operation, 81% if
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Figure 13. Influent and effluent sCOD concentrations and reactor volume during Pilot C
operation.
DOC concentrations in the influent and effluent ranged from 11–105 mg/L and 4–
24 mg/L, respectively, with an average effluent DOC concentration of 9 ± 4 mg/L (Figure
14). Influent and effluent DOC levels were almost always proportional to influent and
effluent sCOD. The sCOD concentrations were higher than DOC due to inorganic
nutrients in the wastewater.
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Figure 14. Influent and effluent DOC concentrations and reactor volume during Pilot C
operation.
Significant nitrogen removal occurred infrequently and sporadically throughout
Pilot C operation. Influent and effluent TDN concentrations ranged from 10–48 mg/L and
1–40 mg/L, with averages of 25 ± 9 and 21 ± 9 mg/L, respectively (Figure 15). Removal
efficiency reached a single-day maximum of 93%, but averaged only 20% over the
operation period.
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Figure 15. Influent and effluent TDN concentrations and reactor volume during Pilot C
operation.
3.1.2.3 Chlorophyll
Chlorophyll-a and chlorophyll-b concentrations normalized by TSS of the OPG
biomass and versus pilot operation time are shown in Figure 16a. Chlorophyll-a
concentration increased sharply between days 39–53, coinciding with the excess growth
of filamentous green algae in the system. Steady decrease in chlorophyll-a concentration
occurred between days 82–97, but then increased steeply until day 100. Chlorophyll-a
decreased on day 103, but increased again until day 117. A moderate decrease in
chlorophyll-a was observed toward the end of operation when sludge began to take over
the reactor. Average chlorophyll-a/TSS and chlorophyll-b/TSS mass percentages were
0.51% and 0.08%, respectively. The chlorophyll-a/chlorophyll-b ratio was typically
between 6–7, but was found to be as low as 4 and as high as 10 (Figure 16b).
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Figure 16. (a) Chlorophyll-a/TSS and chlorophyll-b/TSS of the OPGs during Pilot C
operation. (b) Chlorophyll-a/chlorophyll-b ratio over the operation period.
3.1.2.4 Dissolved Oxygen
Because the dark cycle was entirely outside of the Amherst WWTP facility's
normal hours, only daytime DO levels were measured (Figure 17). In general, dissolved
oxygen was very high during the first half of Pilot C operation, except for some periods
when DO was less than 2 mg/L. Between days 74–85, DO remained low (around 1
mg/L), but then increased to high levels (> 2 mg/L) until day 110 when DO approached 1
mg/L for the remainder of operation.
51

11

DO

30

9
8

25

7
6

20

5

15

4

Volume [L]

DO Concentration [mg/L]

10

35

Volume

10

3
2

5

1
0

0
1

11

21

31

41

51

61

71

81

91

101

111

121

131

141

151

Pilot C Operation Day

Figure 17. Dissolved oxygen (DO) concentration during Pilot C operation.
3.1.2.5 Image Analysis
Petri dish and microscope images during Pilot C operation were cropped and
arranged sequentially based on the unique growth periods, excluding days 1–11 (Figures
18 and 19).
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Figure 18. Petri dish images throughout Pilot C operation. (a) Day 18. (b) Day 22. (c)
Day 36. (d) Day 40. (e) Day 46. (f) Day 53. (g) Day 67. (h) Day 77. (i) Day 85. (j) Day
89. (k) Day 99. (l) Day 109. (m) Day 117. (n) Day 130. (o) Day 133 (p) Day 144. All
Petri dishes are 5 cm in diameter and all scale bars represent 1 cm.
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Figure 19. Microscope images throughout Pilot C operation. (a) Day 26. (b) Day 36. (c)
Day 71. (d) Day 99. (e) Day 117. (f) Day 140. Scale bars represent 100 μm for (a), 500
μm (b–d), and 1 mm (e–f).
3.1.2.6 Combined Analysis
Figure 20 shows the removal efficiencies of sCOD, DOC, and TDN along with
F/M ratio (Figure 20a) and chlorophyll-a/chlorophyll-b ratio (Figure 20b) versus the
operation time of Pilot C.
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Figure 20. Pilot C nutrients removal efficiency (left axis) with (a) F/M ratio and (b)
chlorophyll-a/chlorophyll-b ratio over the operation period.
OPG biomass yield was also calculated over the operation period and for the
unique growth periods (Figure 21). A quantitative approach was used for the yield
calculations as described by Abouhend et al. (in preparation).
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Figure 21. OPG observed yield, sCOD removal, and TDN removal over the entire pilot
operation and six unique growth periods.
Figure 22 shows surface contour plots with sCOD and TDN removal efficiency
(surface color) as a function of F/M ratio and TSS concentration (Figure 22a–b) as well
as chlorophyll-a/chlorophyll-b ratio and chlorophyll-a/TSS mass percentage (Figure 22c–
d). Higher removal is represented by red, and lower removal by blue.
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Figure 22. Surface contour plots of Pilot C removal efficiency with various parameters.
(a–b) TSS concentration and F/M ratio with (a) sCOD removal and (b) TDN removal. (c–
d) Chlorophyll-a/TSS and chlorophyll-a/chlorophyll-b ratio with (c) sCOD removal and
(d) TDN removal.
3.1.3

Discussion

3.1.3.1 OPG Biomass Growth
The OPG biomass in Pilot C grew the fastest during 10 L reactor operation when
the TSS concentration was high (3,300–4,300 mg/L) and the F/M ratio was consistently
0.04–0.05 g sCOD/g VSS-d (Figures 12 and 20). The observed yield at that time (days 1–
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11) was 0.79 ± 0.18 (g VSS produced/g sCOD consumed), much higher than typical
activated sludge (0.3–0.5; Tchobanoglous et al., 2003). This result is consistent with the
observed yield of 0.7 g VSS/g COD seen in the bench scale OPG reactor studies
(Abouhend et al., in preparation). Multiplying the observed yield of 0.79 g VSS/g COD
by the average stoichiometric ratio determined experimentally by Abouhend et al. (1.80 ±
0.09 g COD produced/g VSS produced), we find that for every 1 g of sCOD consumed,
1.42 ± 0.23 g of COD was produced between days 1–11. Since the COD contained in the
OPG biomass exceeds the influent COD consumed, OPGs are nutrient-rich; in this case,
they sequestered more nutrients than what was available in the influent wastewater. One
explanation for this exciting phenomenon is that CO2 in the atmosphere is taken up by
OPGs via the photosynthetic biomass.
Scaling up to 12 L encouraged some OPG growth between days 13–25, but the
rather small increase in volume (1.2-times dilution) did not significantly reduce the TSS
concentration; the LCB growth rate was very low (15 mg/L-d) and TSS never exceeded
4,400 mg/L. The larger scale up from 12 L to 18 L reduced TSS to 2,400 mg/L initially,
but the accidental wastage on day 33 caused the biomass concentration to fall below
1,500 mg/L. Although we expected high growth during the two weeks after the 1.5-times
scale up, the reactor remained in a low-growth period (LCB growth rate of 14 mg/L-d)
for over 50 days. From Figure 19a–b, we can see cyanobacteria growing outward in an
open structure between days 26–36, increasing the overall diameter of the OPGs,
reducing available space in the reactor, and thus potentially causing the slow growth. By
day 71, the centers of most granules were less dense than at the beginning of operation
(Figure 19c).
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Interestingly, the observed biomass yields during days 13–25 and 33–85 were
both less than 0.2 (0.13 ± 0.05 and 0.16 ± 0.08 VSS/g sCOD, respectively), signifying
that the OPGs were treating the influent wastewater without significant biomass growth
both at high (> 3,700 mg/L) and low (< 2,300 mg/L) TSS concentrations. This is
particularly fascinating, because the observed yield for OPGs in the bench scale studies
and between days 1–11 of Pilot C operation, was four times greater than the observed
yield during days 13–25 and 33–85. Although organic-rich biomass is advantageous for
downstream energy recovery processes such as anaerobic digestion, low-yield biomass
possesses an alternative benefit: less biomass production. Since many municipal WWTPs
do not utilize downstream processes on site, sludge removal is a major operational cost.
Utilizing slow-growing, low-yield OPGs with high settleability and dewaterability could
dramatically reduce the volume of waste biomass produced, cutting biomass removal
costs significantly. Low biomass yield correlated with low chlorophyll-a/chlorophyll-b
ratio, suggesting that green algae-based OPG yield is lower than that of cyanobacterialbased OPGs. Although both high- and low-yield OPGs treated influent sCOD, high-yield
biomass is preferred for pilot operation because it typically grows faster.
The increase in biomass growth rate between days 89–105 coincided with the
appearance of long, branching, filamentous green algae granules with no cyanobacteria in
the core (Figure 19d); the faster growth corresponds with a higher biomass yield. The
loss of granules was most evident between days 109–130 and 133–144, when OPGs
began to break apart and lose their dense center (Figure 19e–f). The increase in growth
rate and biomass yield between days 133–144 can be attributed to the overgrowth of
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sludge flocs caused by reducing HRT (1-d to 0.75-d) after previously reducing nighttime
aeration and beginning to waste on days 106 and 111, respectively.
3.1.3.2 Nutrients Removal
Removal efficiencies of sCOD, DOC, and TDN typically followed the F/M ratio
(Figure 20a). Fluctuations in the F/M ratio greater than 0.02 g sCOD/g VSS-d caused
noticeable increases and decreases in removal efficiency. Between days 20–46,
increasing F/M ratio corresponded with increasing sCOD removal, except between days
36–39 when a sudden drop in F/M ratio caused a dip in removal efficiency. For sCOD
removal, the highest efficiencies occurred when the biomass concentration was 2,500
mg/L; at this concentration, the OPGs achieved removal efficiencies greater than 85%
over a wide range of F/M ratios from 0.03–0.14 (Figure 22a). TSS concentrations greater
than 3,000 mg/L were not as effective at removing sCOD, while one data point suggests
that lower TSS concentrations (1,500 mg/L) may also adequately treat the influent
wastewater. Interestingly, aerobic granular sludge systems are known to operate with
higher TSS (4,000–8000 mg/L).
Nitrogen removal was active for TSS between 2,500–3,500 mg/L, and achieved
the greatest efficiencies when F/M ratio was 0.04 and 0.10 (Figure 22b). When divided
into the six unique growth periods, we see that nitrogen removal was the highest during
days 1–11 (high TSS, high yield, low F/M ratio) and days 109–130 (moderate TSS, high
F/M ratio, low yield, relatively high proportion of filamentous green algae) (Figure 21).
High nitrogen removal occurred when the observed yield was both very high and low
(0.8 and 0.3 g VSS/g sCOD, respectively). There was no conclusive evidence as to why
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the observed yield changed so dramatically and suddenly, good nutrients removal in both
scenarios supports the robustness of the OPG wastewater treatment process.
Periods when the chlorophyll-a/chlorophyll-b ratios were increasing usually
coincided with increasing nitrogen removal. Green algae produce both chlorophyll-a and
chlorophyll-b pigments, while cyanobacteria only produce the former; periods of
increasing chlorophyll-a/chlorophyll-b ratio signify the enrichment of cyanobacteria in
the OPG biomass. The increase in nitrogen removal was most likely due to the
enrichment of cyanobacteria during those periods, since cyanobacteria may contain over
10% nitrogen by weight (Markou and Georgakakis, 2011). Excellent sCOD removal was
observed when the chlorophyll-a/TSS ratio was between 0.4–0.5% for a wide range of
chlorophyll-a/chlorophyll-b ratios (4–7). Nitrogen removal was good in this range of
chlorophyll-a/TSS ratio, but was best when the chlorophyll-a/chlorophyll-b ratio was
between 6–7.
3.1.4 Conclusion
Operating Pilot C was a meaningful success in demonstrating good performance
(81% sCOD removal), scalability (30 L reactor volume), and ultra-low biomass yield (0.2
g VSS produced/g sCOD consumed) of the OPG system. We found that OPGs can form,
propagate, and treat real wastewater in both light and dark aerobic conditions. Periods of
very high and very low observed yield (0.79 and 0.13, respectively) were unexpected.
Low biomass yield of OPGs may be a significant cost benefit for treatment plants paying
for sludge removal. The most effective OPG biomass concentrations were between
2,500–3,500 mg/L, and removed over 85% of sCOD over a wide range of F/M ratios.
Nitrogen removal was inconsistent but observed, and appeared to improve with
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increasing F/M and chlorophyll-a/chlorophyll-b ratios. Pilot C prevailed under extreme
cold conditions, further supporting the system's robustness to varying environmental
conditions. The success of the hybrid OPG system may lead to faster incorporation of this
technology, since WWTPs with bottom aeration systems would require minimal
infrastructure changes. Although the slow biomass growth was not beneficial for quick
scaling up, the performance of Pilot C merits more exploration and probing of the hybrid
light/aeration wastewater treatment process.
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CHAPTER 4
PILOT REACTOR OPERATION: PHASE III
4.1

Pilot D
Phase II pilot operation explored the feasibility of a hybrid light/aeration OPG

system, which reached 30 L and successfully treated influent wastewater with light only
during the day and aeration only at night. Interestingly, observed OPG biomass yields
during Pilot C operation were very low, holding significance in its low sludge production.
However, the growth rate of OPG biomass during Phase II operation was lower than for
previous SBR operation, delaying scale ups. Since scaling up quickly is a main objective
of this research, the hybrid light/aeration system was not ideal for pilot operation. Phase
III of pilot operation was conceived to explore the outcome of frequent, incremental
dilution scale-ups based on reactor TSS. Increasing reactor volume effectively diluted
OPG biomass concentration, providing space for new growth within the reactor. On April
14, 2016, we initiated Pilot D, which successfully treated real wastewater with no
external aeration for 152 days and reached a volume of 12 L.
4.1.1

Materials and Methods

4.1.1.1 Pilot Housing, Electrical Power, and Pilot Equipment
We used the new shed (section 3.1.1.1) to house Pilot D, as well as the circuit
used in Phases I and II to provide electrical power (section 2.1.1.2). The white plastic
rectangular reactor was used during days 1–27 (10–12 L volumes), followed by the green
cylindrical plastic reactor from days 28–105 (15.5–18 L volumes), and the same
rectangular clear plastic reactor used for Pilot A operation (30 L) between days 106–147.
The mixing paddle used for Pilot D was identical to that used for Pilot C.
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4.1.1.2 Reactor OPGs and Operation
Concentrated OPG biomass from Pilot C was brought to the lab and cleaned of
sludge flocs using the washing method described in section 2.1.1.5. About 5 g of OPG
biomass was salvaged, and we commenced Pilot D on April 14, 2016.
Pilot D was first operated in batch mode at 1.6 L using the concentrated OPG
biomass and 0.5 L of primary effluent wastewater. Manual decanting and addition of 0.4
L of influent wastewater was performed on days 2 and 5. On day 6, we began operating
at 2 L in SBR mode with 1-d HRT, 30 minutes of settling, 5 minutes of decanting, and 15
minutes of influent feeding at the start of each 6-hr cycle. 2 LED lights provided 10 klx
on the surface of the reactor on opposite sides. We utilized a similar light/dark sequence
as Abouhend et al. (3-hr dark/3-hr light) to encourage denitrification for the first half of
the cycle (low DO) followed by COD and ammonia degradation during the light cycle
(photosynthesis, high DO). Because we were exploring the strategy of scaling up in small
increments (compared to larger dilutions in Phase I and Phase II operation), we
performed minimal wastages for sampling only.
On day 9, we scaled up to 3 L in a larger cylindrical beaker by adding 2 g of OPG
biomass from the lab to the pilot. After observing turbid effluent water, we increased the
number of lights to 3 on day 16 to increase the light availability. Conditions improved
and we scaled up to 4 L in the small white rectangular plastic container with 2 LED lights
from above providing 10 klx to the surface of the reactor. On day 29 we scaled up the
pilot to 5 L in the lab, and brought the reactor to the Amherst WWTP on day 30. For the
above scale ups, an HRT of 1 d was maintained by increasing the feeding time.
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Due to very high outside temperatures (> 30 °C), the mixer stalled several times
beginning on day 34. A fan was added to cool the mixer, but we continued having heatrelated issues until we brought another mixer (IKA RW20) from the lab on day 44. On
day 41 we scaled up to 6 L, and then to 8 L on day 51, when the light intensity was
adjusted to 12 klx on the surface. After the appearance of filamentous green algae
entanglements, we reduced the light to 10 klx and then 8 klx on days 54 and 57,
respectively. On day 62, we found that the controller malfunctioned and the mixer was
not operating for at least one cycle, causing increased effluent turbidity; this issue was
resolved immediately and did not seem to disrupt the system. For the above scale ups, an
HRT of 1 d was maintained by increasing the feeding volume.
We scaled up to 10 L in the same container on day 71. Because the water level
increased, we adjusted the lights to provide a surface light intensity of 10 klx. Growth of
filamentous green algae on day 75 caused poor settleability, potentially due to high
temperature and/or long feeding time (starvation of OPGs). We reduced the feeding time
from 48 minutes to 24 minutes on day 76 to observe the effect of faster influent loading
on OPG growth and performance. We observed fewer large mature OPGs around day 78,
and on day 83, we discovered that a clog in the effluent pump line over July 4th weekend
caused the reactor to overfill and consequently spill biomass, amounting to a significant
loss of OPG biomass. Yet, we observed good effluent quality and OPG biomass growth
immediately after the accidental wastage. A similar issue caused a slight decrease in OPG
biomass on day 96, but we decided to scale up to 12 L on day 97 after effluent COD
analysis showed very good reactor performance.
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On day 98, free-floating sludge flocs were observed in the pilot. Their
propagation, potentially due to the combination of temperatures (> 25 °C) and low OPG
biomass concentration (< 2,500 mg/L TSS), continued until day 106 when the reactor
volume was reduced to 6 L by decanting 6 L from the settled biomass. This dramatically
improved Pilot D reactor conditions, and led to the scale up to 8 L on day 110. To
minimize the risk of sludge overgrowth in the reactor, we elected to maintain the reactor
at 8 L for 20 days and scaled up to 10 L on day 131. Good reactor performance continued
and the pilot was scaled up to 12 L on day 141. Unfortunately, sludge appeared in the
reactor on day 145, most likely due to quickly increasing influent wastewater strength in
September. We stopped feeding and operated Pilot D in 24-hr light batch mode (no
influent feeding) for days 147–148 to prevent more sludge growth. Continued increasing
influent COD and suspended solids caused a dramatic reduction in light availability,
preventing OPGs from utilizing photosynthesis and ultimately losing reactor performance
on day 152.
4.1.1.3 Analytical Methods
For TSS and VSS concentration analysis over the operation period, duplicate 10
mL (days 1–19) and 25 mL (days 22–152) mixed liquor samples of the pilot OPG
biomass were collected immediately before the settling period prior to the 2 pm cycle two
times per week and analyzed in the lab using the Standard Method (APHA, 2005). 25 mL
samples of pilot effluent and influent water were collected beginning on days 22 and 70,
respectively, and analyzed for TSS and VSS concentrations.
Duplicate 10 mL samples were taken once per week starting on day 12 for
chlorophyll analysis of the ML using the spectrophotometric Standard Method (APHA,

66

2005). Chlorophyll-a and chlorophyll-b concentrations were divided by the TSS
concentration of the same operation day to determine chlorophyll-a/TSS and chlorophyllb/TSS ratios. Chlorophyll-a/chlorophyll-b ratios were determined by dividing the
chlorophyll-a concentration by the chlorophyll-b concentration of the same day.
Duplicate 50 mL unfiltered samples of the pilot influent wastewater and effluent
were collected twice per week along with the ML samples at the end of the 2 pm cycle to
measure sCOD samples were prepared and analyzed as described in section 2.1.1.5. Just
as for Phase II pilot operation, the remainder of the filtered Pilot D influent and effluent
samples were preserved in the freezer for total dissolved nitrogen (TDN) and dissolved
organic carbon (DOC) analysis. TDN and DOC concentrations of the influent and
effluent samples were determined using a TOC/TN analyzer. Dissolved oxygen (DO)
concentration and temperature inside the reactor were recorded frequently using a
portable DO meter. Petri dish imaging during Pilot D operation was the same as
described in section 3.1.1.4.
4.1.2

Results

4.1.2.1 OPG Biomass Growth
Changes in the OPG biomass concentration (TSS) and reactor volume versus Pilot
D operation time are shown in Figure 23. Since scaling up was based on small
incremental volume increases, TSS was maintained at 3,220 ± 410 mg/L (4,130 mg/L
maximum) between days 1–78. After the large loss of biomass on day 83, TSS dropped
below 1,700 mg/L and never exceeded 2,500 mg/L until after the volume reduction on
day 106.
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Figure 23. Pilot D TSS concentration and volume over the operation period.
LCB growth rates for 11 different growth periods during Pilot D operation were
calculated using linear regression models and then tabulated (Table 24). The OPG
biomass grew the fastest between days 22–29 (after scaling up from 3 L to 4 L), 2–6
(beginning of operation), and 86–92 (after large accidental wastage).
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Table 24. LCB growth rates for 11 unique periods during Pilot D operation.
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4.1.2.2 Nutrients Removal
Influent sCOD strength varied from 62–220 mg/L with an average of 154 mg/L
(Figure 25). Excluding the final week of operation when effluent sCOD removal
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efficiency fell below 80%, the average effluent sCOD was 24 mg/L (27 mg/L including
the final week). Effluent sCOD ranged from 8–80 mg/L, but was maintained below 30
mg/L for two thirds of reactor operation. The average sCOD removal efficiency was 81%
(excluding the last week of operation, 80% if included) and only achieved 85% removal
for one quarter of Pilot D operation.
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Figure 25. Influent and effluent sCOD concentrations and reactor volume during Pilot D
operation.
DOC concentrations in the influent and effluent ranged from 19–58 mg/L and 6–
30 mg/L, respectively, with an average removal efficiency of 67% (Figure 26). Influent
and effluent DOC levels were almost always proportional to influent and effluent sCOD.
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Figure 26. Influent and effluent DOC concentrations and reactor volume during Pilot D
operation.
Similar to Phase II operation, significant yet fluctuating nitrogen removal
occurred throughout Pilot D operation. Influent and effluent TDN concentrations ranged
from 15–57 mg/L and 9–52 mg/L, with averages of 33 and 27 mg/L, respectively (Figure
27). Removal efficiency reached a single-day maximum of 70%, but averaged just 21%
over the operation period.
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Figure 27. Influent and effluent TDN concentrations and reactor volume during Pilot D
operation.
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4.1.2.3 Chlorophyll
Chlorophyll-a and chlorophyll-b concentrations normalized by TSS of the OPG
biomass versus operation time are shown in Figure 28a. Chlorophyll-a/TSS steadily
increased from less than 0.35% to greater than 0.61% between days 12–48, but then
decreased to about 0.4% after the large loss of OPG biomass. The chlorophyll-a/TSS
ratio remained there until a sudden decrease on days 146 and 152, corresponding with
overgrowth of sludge in the reactor. Average chlorophyll-a/TSS and chlorophyll-b/TSS
ratios by mass were 0.41% and 0.03%, respectively. The chlorophyll-a/chlorophyll-b
ratio was roughly 14 on average, typically between 10–16, and reached as high as 18 at
one point (Figure 28b).
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Figure 28. (a) Chlorophyll-a/TSS and chlorophyll-b/TSS of the OPGs during Pilot D
operation. (b) Chlorophyll-a/chlorophyll-b ratio over the operation period.
4.1.2.4 Dissolved Oxygen and Temperature
Dissolved oxygen levels were recorded consistently at the end of the light and
dark cycles during pilot operation except between days 30–47 when the instrument was
not working (Figure 29). In general, dissolved oxygen at the end of the dark cycle was
0.5 mg/L. Other than two periods of very high DO (> 5 mg/L) and one of high DO (> 2
and < 4 mg/L), DO concentration at the end of the light cycle was typically between 1–2
mg/L. Temperature inside the reactor was 22 °C on average, ranging from 17–27 °C.
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Figure 29. Dissolved oxygen (DO) concentration at the end of light and dark cycles
during Pilot D operation. The instrument was not working between days 30–47.
4.1.2.5 Image Analysis
Petri dish and microscope images during Pilot D operation were cropped and
arranged sequentially based on the unique growth periods, excluding days 1–11 (Figures
30 and 31).
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Figure 30. Petri dish images throughout Pilot D operation. (a) Day 2. (b) Day 9. (c) Day
26. (d) Day 41. (e) Day 48. (f) Day 54. (g) Day 63. (h) Day 75. (i) Day 86. (j) Day 97. (k)
Day 104. (l) Day 107. (m) Day 117. (n) Day 128. (o) Day 139 (p) Day 152. All Petri
dishes are 5 cm in diameter and all scale bars represent 1 cm.
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Figure 31. Microscope images throughout Pilot D operation. (a) Day 9. (b) Day 41. (c)
Day 54. (d) Day 78. (e) Day 104. (f) Day 117. Scale bars represent 500 μm (a, c–d, f),
and 1 mm (b, e).
4.1.2.6 Combined Analysis
Figure 32 shows the removal efficiencies of sCOD, DOC, and TDN along with
F/M ratio (Figure 32a) and chlorophyll-a/chlorophyll-b ratio (Figure 32b) versus Pilot D
operation time.
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Figure 32. Pilot D nutrients removal efficiency (left axis) with (a) F/M ratio and (b)
chlorophyll-a/chlorophyll-b ratio over the operation period.
OPG biomass yield was also calculated over the operation period (excluding days
97–104 and 142–152 when the observed yields were negative) and for the unique growth
periods (Figure 33).
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Figure 33. OPG observed yield, sCOD removal, and TDN removal over the entire pilot
operation and eight unique growth periods, excluding days 97–104 and 142–152 when
the observed yields were negative.
Figure 34 shows surface contour plots with sCOD and TDN removal efficiency
(surface color) as a function of F/M ratio and TSS concentration (Figure 34a–b) as well
as chlorophyll-a/chlorophyll-b ratio and chlorophyll-a/TSS mass percentage (Figure 34c–
d).
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Figure 34. Surface contour plots of Pilot D removal efficiency with various parameters.
(a–b) TSS concentration and F/M ratio with (a) sCOD removal and (b) TDN removal. (c–
d) Chlorophyll-a/TSS and chlorophyll-a/chlorophyll-b ratio with (c) sCOD removal and
(d) TDN removal.
4.1.3

Discussion

4.1.3.1 OPG Biomass Growth
The highest LCB OPG biomass growth rates in Pilot D were 194, 140, and 128
mg/L-d during days 22–29, 2–6, and 86–92, respectively (Table 2). Not surprisingly, the
observed biomass yield was high during these times: 0.73 and 0.64 g VSS produced/g
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sCOD consumed for days 22–35 and days 86–92, respectively (yield was not calculated
during days 2–6 due to lack of COD data). Excluding days 97–104 and 142–152 when
the observed yields were negative, the yield calculated over Pilot D operation was 0.52 ±
0.11 g VSS/g sCOD, greater than the typical observed yield of AS (0.3–0.5). The
maximum observed yield of 0.73 ± 0.20 between days 22–35 further supports the claim
that OPG biomass is energy rich, containing more COD than is taken up during SBR
operation. No visible relationship between observed yield (which decreased to 0.44 ±
0.10 between days 54–70) and nutrients removal was determined over Pilot D operation
(Figure 33).
When the observed yield was high, good protogranule formation was seen (Figure
31a). The decline in OPG yield corresponded with an increase in filamentous green algae
in the system starting on day 41 (Figure 30f–h, Figure 31b); the same outcome was
observed in Pilot C when filamentous green algae became prevalent and observed yield
dramatically decreased. Filamentous algae-based granules seen in Pilot D had an open
structure and were less dense compared to their cyanobacterial counterparts (Figure 31c).
After the green algae overgrowth issue was resolved, OPGs with very long, outward
growing cyanobacterial filaments became prevalent (Figure 31d–e). Although these hairy
OPGs performed well in terms of nutrients removal, OPGs began losing their spherical
shape and sludge bacteria began growing openly around the long cyanobacteria strands
starting around day 117 (Figure 31f).
The open structure of the pilot biomass most likely reduced light penetration
inside the reactor, as the hairy OPGs took up more space and were less easily separated.
Furthermore, when influent wastewater nearly quadrupled in strength from days 127–
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146, free-floating sludge flocs became prominent in the pilot, suggesting that loose
bacterial flocs attached to outward growing filamentous cyanobacteria on the OPGs
detached and propagated in the presence of DO. The combination of decreasing light
availability, increasing influent strength, and overgrowth of free-floating sludge
eventually inhibited granulation and the OPGs' ability to effectively treat the wastewater.
4.1.3.2 Nutrients Removal
Other than the controller issue on day 62 that caused a dramatic decrease in sCOD
and DOC removal efficiency, good removal of sCOD and DOC was observed over the
wide range of F/M ratios (Figure 32a) and was best when biomass TSS was between
2,500–3,500 mg/L (Figure 34a–b). Effluent sCOD concentrations were robust to the
frequent volume increases throughout Pilot D operation (Figure 25), and periods of high
and low DO did not appear to affect removal efficiencies (Figure 29).
TDN removal was fluctuating during the operation period, averaging just over
20%. Unlike the results from Phase II operation, there was no clear relationship between
nitrogen removal efficiency and F/M ratio or chlorophyll content for Pilot D (Figure 32).
Chlorophyll-a/TSS ratios of 0.5% exhibited the best sCOD and nitrogen removal over a
wide range of chlorophyll-a/chlorophyll-b ratios (Figure 34 c–d). Maintaining sCOD
removal efficiency above 80% during Pilot D operation strengthens the evidence that
OPGs can perform high-rate wastewater treatment without aeration.
4.1.4

Conclusion
Pilot D, although another successful OPG reactor, was unable to surpass a reactor

volume of 12 L. Poor reactor conditions diminished light penetration and inhibited
performance. Lack of biomass wastage may have played a role in the deterioration of
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OPG biomass over time. Small, incremental scale-ups did not demonstrate any significant
increases in LCB growth rate, biomass yield, or system performance. Relatively high
observed yields (> 0.5) were consistent with lab-scale SBR results. OPG biomass
concentrations between 2,500–3,500 mg/L exhibited the highest sCOD removal
efficiency (> 80%) when F/M ratios were between 0.02–0.08. Nitrogen removal was very
sporadic, and no trends relating it to F/M ratio or chlorophyll were observed. Pilot D
operated at high temperatures (> 25 °C), proving once again that the OPG system can
operate at high ambient temperatures. Although the step-based scale-up method gave
positive results for reactor operation, larger volume increases with biomass wastage are
suggested for future scale-up schemes to encourage faster OPG growth and development.
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CHAPTER 5
GENERAL FINDINGS
5.1

Discussion
Many interesting findings and useful data concerning the OPG wastewater

treatment process were discovered through pilot operation. With four successful
operations lasting between 33–152 days of operation we demonstrated that the OPG
process is not just scalable, but robust to varying environmental conditions including high
and low ambient temperatures. A maximum volume of 30 L was achieved with an overall
scale factor of 20 times. Average COD removal was above 65% for Phase I, and
exceeded 80% for Phases II & III. Phases I & III employed successful treatment of real
wastewater without any aeration, and Phase II operation demonstrated a hybrid
light/aeration system. Two extreme cases of observed biomass yield were found:
extremely high (> 0.7 g VSS produced/g sCOD consumed), and extremely low (< 0.3 g
VSS produced/g sCOD consumed). OPGs with higher yields typically contained large
amounts of filamentous cyanobacteria, whereas the low yield biomass consisted of much
more green algae. Low observed yield was recorded during hybrid light/aeration
operation; therefore, further investigation on a hybrid OPG process design is
recommended.
TSS concentrations above 4,000 mg/L were not effective for treating the
wastewater; TSS between 2,000–3,500 mg/L achieved the highest sCOD, DOC, and
TDN removal efficiencies. Some of the data supports a relationship between increasing
F/M ratio and nutrients removal, but a controlled study is suggested to obtain better
quantitative data. LCB growth rates were identified as a means to quantify OPG biomass
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growth. Observed yield and LCB growth rate were not strongly correlated, although
higher LCB rates were typically seen when the yield was high. LCB growth rates ranged
from 15–300 mg/L-d, and no clear relationships with temperature, dilution factors, or
TSS concentration were found. Low observed yield biomass holds potential in sludge
reduction biotechnologies; however, because minimizing time required for scaling up the
OPG process is imperative for its commercialization potential, studies focused on
maximizing biomass growth rate are suggested at this time.
Compared to bench-scale studies, pilot OPGs were not as smooth and spherical.
Hairy, loose OPGs reduced biomass settleability and light penetration, inhibiting new
biomass growth and reactor performance. Large wastages, although sometimes reducing
removal efficiency, helped improve light penetration and overall reactor conditions.
Pilots C and D overcame large incidental wastages, proving that the OPG system can
perform over a wide range of concentrations. Chlorophyll-a/TSS content was typically
between 0.4–0.6%, with the best nutrients removal occurring at 0.5%, regardless of
chlorophyll-a/chlorophyll-b ratios.
5.2

Conclusion
The OPG wastewater treatment process has the potential to revolutionize modern

wastewater treatment by eliminating the need for costly mechanical aeration. The high
density and superior settleability of OPG biomass can dramatically reduce the required
footprint for wastewater treatment. Pilot operation of the OPG process supported
previous bench-scale OPG studies and demonstrated the scalability of the novel
biotechnology. Good effluent quality was achieved; high removal of sCOD and DOC was
observed, while nitrogen removal occurred sporadically. Successful operation in above-
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average ambient temperatures holds significance in developing the OPG process for lowcost/low-energy wastewater treatment in developing countries. Light availability,
biomass concentration, and wastage were identified as important factors that most
influenced reactor conditions and performance. F/M ratios may also impact OPG growth
and biomass performance. TSS concentrations between 2,000–3,500 mg/L exhibited the
best nutrients removal, while concentrations greater than 4,000 mg/L showed no
advantage. Further research on both maximizing OPG growth rate for fast scaling up and
minimizing observed yield for sludge reduction are recommended. The development and
application of the OPG process will play a significant role in aeration-free wastewater
treatment, a solar biotechnology that brings us one step closer towards sustainable
treatment practices.
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